The evolution of core quasi-coherent modes has been investigated during the formation of electron internal transport barriers (e-ITB) in the TJ-II stellarator. These modes have been characterized using heavy ion beam probe and electron cyclotron emission diagnostics. The quasi-coherent mode evolves during formation/annihilation of the e-ITB and vanishes as the transport barrier is fully developed. These observations can be interpreted in terms of the influence of sheared flows in the stability of quasi-coherent modes.
Electron internal transport barriers (e-ITBs) are commonly observed in electron cyclotron heated (ECH) plasmas in stellarator devices such as CHS [1] , W7-AS [2] , LHD [3] and TJ-II [4, 5] . At a high ECH heating power density, electron temperature profiles are centrally peaked and the core electron heat confinement is improved [1] [2] [3] [4] [5] . In addition, a large radial electric field shear is measured [1, 2, 4] accompanied by a reduction in fluctuations [1] . Most of these experimental results support the hypothesis that the mechanism for barrier formation is linked to a bifurcation of the radial electric field E r while the subsequent reduction of turbulence is due to a sheared E r × B flow generated by the E r shear. A comparative study of these transport barriers has been reported in [6] and a topical review has been published [7] . In addition, the influence of the magnetic topology on e-ITB formation has been experimentally studied in TJ-II and LHD. In TJ-II, a configuration scan (changing the rotational transform) has shown that the presence of a low order rational surface (m = 3/n = 2) close to the plasma core (within the ECH power deposition zone) triggers the e-ITB formation [4] . As has been discussed in [5] , the key element for improving heat confinement is a locally strong positive electric field, which is the result of a synergistic effect between enhanced electron heat fluxes through radial positions around low order rational surfaces and pump out mechanisms in the heat deposition zone. In some tokamaks, the formation of e-ITB is also affected by the presence of rational surfaces in the q-profile, especially for input powers close to the threshold power [8, 9] . At higher heating powers the formation of e-ITBs is less sensitive to rational surfaces in the q-profile, suggesting that the rational surface modifies the power threshold for barrier formation.
A recent improvement in the signal to noise ratio of the heavy ion beam probe (HIBP) system has allowed us to characterize the radial structure of plasma modes that appear during the e-ITB formation in the core region of the TJ-II stellarator.
The HIBP system installed at TJ-II uses a Cs + ion beam with beam energy of up to 200 keV [10, 11] . HIBP measurements are obtained with a temporal resolution of 10 µs and a spatial resolution of about 1 cm. By sweeping the primary beam, the plasma potential profile can be measured in the whole TJ-II plasma cross-section (−1 < ρ < 1) with a repetition rate of a few milliseconds. Simultaneously, the profile of the secondary Cs ++ beam intensity (beam current) is measured. Due to the relatively low plasma densities involved in these experiments (line-averaged plasma densities: (0.5-1)×10 19 m −3 ), the beam current can be considered to be proportional to the local plasma density.
In TJ-II, the formation of e-ITB is triggered by positioning a low order rational surface close to the plasma core region. The control of the low order rational surfaces within the rotational transform profile is possible since TJ-II has very low magnetic shear and high flexibility with regard to the magnetic configuration. Experimentally, a rational surface can be positioned in the plasma core region by selecting the appropriate magnetic configuration. In addition, the rotational transform profile can be modified dynamically during the discharge by inducing an ohmic current [12] . Numerous experiments show that, despite the uncertainties in the determination of the rotational transform modification due to the plasma current, the rational surface should overlap the ECH power deposition profile (|ρ| ≈ 0.2-0.3) for the development of the e-ITB [4, 5] .
During the e-ITB formation, the plasma potential increases in the plasma core region (|ρ| < 0.3), increasing the radial electric field substantially, while it remains almost unchanged at the outer radii. Electron temperature as measured by the electron cyclotron emission (ECE) diagnostic [13] also increases in the plasma core region. The increase in the central temperature depends on the plasma density and ranges from 40% at low densities n e ≈ 0.5 × 10 19 m −3 (central temperature increases from ≈1 to ≈1.4 keV) to 20% at higher densities n e ≈ 0.8 × 10 19 m −3 (from ≈0.7 to ≈0.85 keV). Measurements of the HIBP beam current indicate that, at the transition, as the plasma potential and electron temperature increase in the plasma core, the plasma density profile changes to a slightly more hollow profile.
Quasi-coherent modes with frequencies close to 20 kHz have been identified in the HIBP profiles during the development of e-ITB. These modes are clearly observed in the beam current and, marginally, in the plasma potential. Figure 1(a) shows the radial profiles of the plasma potential and total beam current measured by HIBP in a magnetic configuration having the rational surface 3/2 close to the plasma core (|ρ| = 0.2-0.3). The profiles are measured at two different time intervals during the discharge. The electron temperature profiles are shown in figure 1(b) , and the frequency spectra of the HIBP signals are displayed in figures 1(c) and (d ). The coherent mode is clearly seen in the secondary beam current signal measured at 1115 ms and appears also, though not so clearly, in the plasma potential. The mode appears in the plasma region where core E r × B sheared flows develop at the e-ITB formation. This can be seen in the plasma potential profile measured at 1075 ms. In agreement with previous results, the radial electric field increases (in the range 5 kV m −1 ) during the e-ITB [4] . It is also observed that the formation of the barrier is accompanied by a strong reduction (even disappearance) of the mode. Experimentally it is observed that the amplitude and the radial extension of the coherent modes evolve along a single discharge. Therefore, to properly characterize these modes, it is necessary to carry out HIBP measurements keeping the observation radius fixed during the discharge and modifying it in a shot to shot basis. These quasi-coherent modes are also observable in the electron temperature signals as far as their frequency lies within the video bandwidth of the low-pass filters (set to 20 kHz) used in the ECE diagnostic. The combination of measurements obtained using both diagnostics allow us to conclude that the quasi-coherent modes are found to be localized within the radial range |ρ| = 0.0-0.4, with maximum amplitude around |ρ| = 0.25-0.35, close to the foot of the e-ITB.
Frequently, the modes are observed in discharges in which the e-ITB has an intermittent behaviour. The mode starts growing simultaneously with the decay in the central temperature, reaching the maximum amplitude and radial extension when the barrier is finally lost. The recovery of the barrier is accompanied by the vanishing of the mode. Figure 2 shows an example in which the e-ITB has an intermittent character during the first part of the discharge. A time expansion of four electron temperature signals is displayed in figure 2(b) and their frequency spectra in figure 2(c) . The mode appears first in the ECE channel located at ρ ≈ −0.35, and then it grows and expands to the adjacent channels being the maximum amplitude at ρ ≈ −0.24. The development of this mode is also accompanied by a flattening in the electron temperature profile. Figure 3 displays the electron temperature profile at three different instants during the discharge (marked with vertical lines in figure 2(b) . HIBP measurements at discrete radial positions have been obtained in similar discharges. The maximum amplitude of the coherent mode in the beam current is observed around |ρ| ≈ 0.3. This radial location corresponds to the foot of the e-ITB. Figure 4 shows the frequency spectra of the beam current measured at three different radial positions: (a) ρ ≈ −0.1, (b) ρ ≈ −0.3 and (c) ρ ≈ −0.5 in three discharges with intermittent e-ITB. These measurements show that the amplitude of the mode is high at ρ ≈ −0.3 and decreases at internal and external radial positions. A comparison between the ECE and the HIBP measurements is shown in figure 5 . The experimental finding shows a strong correlation between ECE and HIBP once the quasi-coherent mode is developed.
It is worth mentioning that though the presence of a low order rational surface close to the plasma core is a necessary condition for triggering the e-ITB formation in these experiments, the development of a quasi-coherent mode is not indispensable for the e-ITB formation. Many examples exist in which no coherent oscillation accompanies the formation of e-ITBs.
A possible cause of the reported quasi-coherent mode may be attributed to MHD instabilities. In that case, the radial electric field developed at the e-ITB formation may act as a stabilizing mechanism against the pressure gradient that should act as a free energy source. In the reported experiments, the quasi-coherent mode does not appear in the magnetic fluctuations measured by Mirnov coils. However, experiments performed positioning the low order rational at more external radii (ρ: 0.6-0.8) show a clear correlation between coherent oscillations measured by HIBP and Mirnov coils [14] . This difference could be the consequence of the localization of the mode at the plasma core what may preclude its detection by the Mirnov coils. Alternatively, the lack of magnetic oscillations could also be an indication of a different mode origin. Taking into account the bifurcation characteristics of the e-ITB formation, there
